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Previewsare elevated most after the phylotypic
period, compared to other vertebrates,
are those genes whose products are
involved in bone formation and respon-
siveness to vitamin D.
Indeed, much of what is reported is a
normal vertebrate genome. The genes
for vertebrate sex determination are all
present and accounted for, but we
haven’t been given clues as to how they
become regulated by temperature. And
the genes for bone formation are there,
but we are given no instruction manual
as to how the turtle uses them to make
its shell. Turtles seem to accomplish
their remarkable anatomical and physio-
logical feats using the same basic set
of genes as their amniote relatives.
Indeed, the Wang et al. (2013) paper
shows that WNT5a, usually involved in
limb formation, seems to be reutilized in
the formation of the turtle carapacial
ridge. Evolution generates its novelties
by tinkering with existing genes, rarely328 Developmental Cell 25, May 28, 2013 ª2creating something from scratch. Ge-
nomes are inventories, the descriptive
first step in determining how organisms
evolve their specific traits. In addition to
quality and quantity, pattern and context
are critically important. Having these
genomes will make possible the study
of the cis-regulatory structure of genes
and how they may be integrated in new
ways to make the unique anatomical
and physiological properties of the
Testudines. Turtle progress is slow, but
rarely steady. These papers may be
the great sprint forward allowing us to
understand how vertebrate embryos
were modified to produce such morpho-
logical and physiological wonders as
turtles.
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Reporting in Nature, Sanders et al. (2013) implicate filopodial projections in Sonic hedgehog (Shh) patterning
of the limb. Actin-based filopodia transport Shh from producing cells, while filopodia of responding cells bear
Cdon and Boc: coreceptors in the Shh pathway. These findings suggest a new mechanism of ligand
movement and transmission.Among the many signaling factors that
coordinate cell interactions during devel-
opment, the Hedgehog family continues
to intrigue. Vertebrate Hedgehog signals
operate in a wide variety of tissue interac-
tions, but the Sonic hedgehog (Shh)
morphogen has garnered the most
attention. In the two best-studied sys-
tems, limb and neural tube patterning,
Shh moves from discrete organizing
centers—the zone of polarizing activity
(ZPA) and notochord, respectively—forming a concentration gradient within
each target field (Lewis et al., 2001). Con-
centration and duration of signaling are
integrated by receiving cells to generate
distinct neural progenitor subtypes in the
developing nervous system and digit
pattern in the limbs (Dessaud et al.,
2007; Yang et al., 1997).
Whereas morphogens like Nodal
undergo simple processing and diffuse
through their target field, the produc-
tion, release, and movement of Shh ismore complex. Processing of Hedgehog
family members generates a dual-lipid
modified membrane-associated protein.
The lipid moieties, palmitylation at the
N terminus and cholesterol at the
C terminus of the secreted Shh protein,
govern multimerization, release, activity,
and range of action of the signal. Through
an elegant use of genetic cell labeling
and live imaging in the chick limb, re-
ported in Nature, Sanders et al. (2013)
now suggest a new means of Shh signal
Figure 1. SHH Movement in the Vertebrate Limb
(A) In a conventional view, ZPA cells (blue) located along the posterior border of the limb bud secrete SHH
(green). (B) Diffusion leads to signal engagement at more anterior, SHH-responsive cells in the target field
(purple). (C) Sanders et al. (2013) invoke ZPA-derived filopodial runners containing SHH particles projec-
ting to target cells extending filopodia with the SHH coreceptors Boc and Cdon (red).
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Previewstransmission: actin-based filopodial ex-
tensions that interconnect, sending and
receiving cells.
Earlier efforts to directly visualize Shh
protein movement by GFP tagging of
native Shh in mice focused on Shh
patterning of the nervous system exam-
ining fixed (dead) tissue (Chamberlain
et al., 2008). By establishing a method to
facilitate live imaging ex ovo of mem-
brane-tethered fluorescent proteins, and
by focusing on the limb, Sanders et al.
(2013) uncover a dynamic array of filopo-
dial processes emanating from the limb
bud mesenchyme that, to date, have
gone largely unnoticed. These exten-
sions, ranging up to 150 mm in length,
are capable of extension and retraction
and can span several cell diameters to
form direct cell-to-cell contacts between
spatially distant cells. The authors pro-
pose that this filopodial network plays a
central role in Shh-mediated patterning
of the vertebrate limb.
In the developing limb bud, Shh pro-
duced by the ZPA, discrete cells at the
posterior of the developing limb bud, sig-
nals over a distance of 300 mm to control
the number and identity of digits. It is
well established that Shh acts beyond its
site of production over the extended
limb target field (Lewis et al., 2001). How
the Shh protein gets there, however, is
less clear. Through live imaging, the
authors invoke a direct membrane trans-
mission via a system of filopodial runners
and gatherers issuing from cells of theZPA and Shh target field, respectively
(diagrammed in Figure 1). Actin-based
filopodia are not new in the repertoire of
signaling mechanisms. Pioneering live-
imaging work by the Kornberg laboratory
documented long, orientated, filamen-
tous extensions—termed cytonemes—
within Drosophila imaginal discs concur-
rent with disc patterning (Ramı´rez-Weber
and Kornberg, 1999). However, the
ephemeral nature of these structures
(vanishing upon fixation) and the difficulty
of specifically removing their action on
patterning have made direct experimental
dissection of their action tricky. The filo-
podia described by Sanders et al. (2013)
are also fixation sensitive. When visual-
ized by live-cell labeling, they appear to
extend from all mesenchymal cells in the
limb; the longest approaches 150 mm,
with a diameter of approximately 200 nm
and a growth rate around 150 nms1.
When GFP-tagged forms of Shh are
introduced into the ZPA through a ZPA-
driven expression system, tagged Shh
particles traffic within the filopodia. The
particles are purported to be around
200 nm; however, the particles may be
considerably smaller given the limits to
resolution imposed by using conventional
light microscopy.
The authors observe that the particles
move with net anterograde movement
toward the tip of the filopodia at a rate of
120 nms1. The rate is in the ballpark of
myosin motors, and the accumulation
of a plus-end myosin motor (myosin-X)Developmental Celat the filopodial tip is consistent with
myosin-directed motor movement. Inter-
estingly, the Shh-containing filopodia
orientate toward the tip of outgrowing
limbs, suggesting a directed bias in
growth that may favor Shh-directed
patterning processes. Clearly, not all filo-
podia contain Shh. While the authors
interpret this observation as evidence of
selectivity—and good evidence for selec-
tivity of cytoneme contents has been
reported in Drosophila (Roy et al.,
2011)—the chick experiments do not
distinguish between selective or stochas-
tic variability. Surprisingly, GFP-tagged
forms of Shh that are thought to mirror
normal Shh processing (SHHP-eGFP,
cholesterol-linked) and a mutant form of
Shh not produced naturally (SHHN-
eGFP, no cholesterol linkage) are re-
ported to traffic similarly within filopodia
(the mutant form is the predominant focus
of the analysis in Sanders et al., 2013).
Given the substantial body of work in
cell culture and in vivo demonstrating
marked differences in Shh trafficking and
release dependent on cholesterol, a spe-
cific trafficking process that colocalizes
these very different Shh forms in the filo-
podial membrane is unexpected. Further-
more, all signaling of cholesterol-modified
ligand beyond cells in direct contact is
thought to depend on specific Dispatched
and Scube-dependent release pathways
(Creanga et al., 2012; Tukachinsky et al.,
2012). The observations of Sanders et al.
(2013) raise several questions. Is Dis-
patched or Scube localized with Shh in
filopodia? Or is this a distinct, and
perhaps quite local, mechanism for
release of cholesterol-modified Shh pro-
teins from filopodial processes? A release
mechanism depending on a heparan
sulfate modulated metalloprotease has
been described (Dierker et al., 2009);
could this operate at filopodia? If multiple
mechanisms ensure the availability of
active Shh protein, what is the relative
contribution of each in patterning the full
extent of the limb field?
The idea that local, contact-associ-
ated interactions may relay Shh from
the filopodia of producing cells to re-
sponding cells is further supported by
analysis of ectopically expressed tagged
forms of Boc and Cdon. These related
membrane proteins are critical corecep-
tors in Shh-responding cells, where
they present Shh ligand to the Shhl 25, May 28, 2013 ª2013 Elsevier Inc. 329
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Previewsreceptor Ptch1. Interestingly, Sanders
et al. (2013) find that tagged Boc and
Cdon localize within filopodia of re-
sponding cells. Furthermore, sustained
contact is observed between ZPA-
extended and Cdo/Boc-expressing filo-
podia. However, there is no direct
evidence of a filopodial engagement of
Shh by filopodial localized Cdon or
Boc. As noted above, Shh particles
actively traffic within filopodia of ZPA
cells. In contrast, Cdon and Boc are
reported to occupy fixed positions in
their filopodia. This raises the question
of how these factors would then traffic
Shh to Ptch1 in the responding cell.
The work of Sanders et al. (2013) high-
lights the importance of incorporating dy-
namic imaging into what is a largely static
framework of amniote development. The
data are thought provoking, but the sys-330 Developmental Cell 25, May 28, 2013 ª2tem is challenging. To go beyond the
correlative to the mechanistic will require
highly specific ways of modifying Shh
trafficking processes to exclude filopodia
while leaving other possible routes of
signal delivery intact. There is also a
need to devise specific ways of modu-
lating filopodial dynamics that leave all
other aspects of cell function intact.
Twenty years following the discovery of
Shh, Sanders et al. (2013) uncover a new
opportunity for fresh insights into the
workings of a key, vertebrate morphogen.
REFERENCES
Chamberlain, C.E., Jeong, J., Guo, C., Allen, B.L.,
and McMahon, A.P. (2008). Development 135,
1097–1106.
Creanga, A., Glenn, T.D., Mann, R.K., Saunders,
A.M., Talbot,W.S., andBeachy, P.A. (2012). Genes
Dev. 26, 1312–1325.013 Elsevier Inc.Dessaud, E., Yang, L.L., Hill, K., Cox, B., Ulloa, F.,
Ribeiro, A., Mynett, A., Novitch, B.G., and Briscoe,
J. (2007). Nature 450, 717–720.
Dierker, T., Dreier, R., Petersen, A., Bordych, C.,
and Grobe, K. (2009). J. Biol. Chem. 284, 8013–
8022.
Lewis, P.M., Dunn, M.P., McMahon, J.A., Logan,
M., Martin, J.F., St-Jacques, B., and McMahon,
A.P. (2001). Cell 105, 599–612.
Ramı´rez-Weber, F.A., and Kornberg, T.B. (1999).
Cell 97, 599–607.
Roy, S., Hsiung, F., and Kornberg, T.B. (2011).
Science 332, 354–358.
Sanders, T.A., Llagostera, E., andBarna,M. (2013).
Nature, in press. Published online Apr 28, 2013.
Tukachinsky, H., Kuzmickas, R.P., Jao, C.Y., Liu,
J., and Salic, A. (2012). Cell Reports 2, 308–320.
Yang, Y., Drossopoulou, G., Chuang, P.T., Duprez,
D., Marti, E., Bumcrot, D., Vargesson, N., Clarke,
J., Niswander, L., McMahon, A., and Tickle, C.
(1997). Development 124, 4393–4404.A Close Look at Wiggly ChromosomesKerry Bloom1,*
1Department of Biology, 623 Fordham Hall CB #3280, University of North Carolina, Chapel Hill, NC 27599-3280, USA
*Correspondence: kbloom@email.unc.edu
http://dx.doi.org/10.1016/j.devcel.2013.05.005
In a recent issue of Cell, Fisher et al. (2013) use high-resolution time-lapse imaging to peer into bacterial
genome (nucleoid) structure. The nucleoid, an elastic filament confined via an internal network, undergoes
periodic fluctuations critical in relieving tension. Programmed tethers and their release highlight a primordial
mechanical cycle for chromosome segregation.The genome sequence revolution has
slowly captured the imagination of the
public, but the genome is much more
than the ATCGs that made up the DNA
polymer. Much remains mysterious about
the behavior of the genome in living cells.
First is the DNA packaging problem. For
humans, 2 m of DNA must be packed
into a 20–30 mm nucleus, and for bacteria,
2 mm DNA must be packed into a 1 mm
cell. Second is the accessibility problem.
How can the genome be dramatically
compacted yet simultaneously provide
huge protein conglomerates such as
RNA and DNA polymerase with access to
specific genes? The genome is far from
being a static information warehouse.
Rather, it is a mechanically active entitythat is constantly altering its shape. A
consequence of the constant shape shift-
ing is that, on average, any given gene
may be exposed within the population.
To study how the genome is organized, it
is therefore critical to keep cells alive.
Long polymers such as DNA in a confined
space require a very different solution than
most biologists have been trained to
study. Rather than worrying about salt
concentration, pH, and osmolarity, we
need to be concerned with concepts
such as viscosity, confinement, tethering,
and thermal noise. Unlike gases, if we
mix two long chain polymers in a confined
space, they will segregate simply based
on the penalty incurred (entropic repul-
sion) when the two chains collide.In a recent issue of Cell, Fisher et al.
(2013) provide one of the first high-resolu-
tion live-imaging series of the bacterial
genome (known as a nucleoid). The au-
thors show that the nucleoid exhibits
waves of density changes that propagate
from end to end. The implications of these
findings are startling and provide critical
new ways to think about our genetic
makeup as we move away from bucket
chemistry to take into account physics
and statistical mechanics. The bacterial
genome is not simply stuffed in the cell.
Far from being amorphous, there is inter-
nal organization to the nucleoid, as
evidenced by its helical shape and clear
separation from the cell wall. The evi-
dence comes from imaging with a variety
